Introduction
Insulating binary oxides have attracted much interest as nonvolatile resistance random access memory (ReRAM) elements [1] . Based only on the resistance switching behaviors without any phase change, ReRAM has promising advantages in terms of low power consumption and high density. It is well known that resistance switching characteristics are dependent on their energy bandgap and dielectric constant for amorphous thin metal oxide films [2] . The universal origins of the resistive switching properties, however, are still not known well even though several models for the phenomenological results have been suggested [2, 3] . In this paper, we investigated the resistance switching characteristics of three different metal oxide systems -SiO 2 , HfO 2 , and TiO 2 films -with different bandgap and dielectric constants.
Experimental
The insulating SiO 2 and TiO 2 films were deposited by the rf magnetron sputter system at room temperature and HfO 2 film by using the atomic layer deposition (ALD) technique at 300C. Prior to insulating film deposition, a bottom Pt electrode deposition was carried out on a p-type Si(100) wafer by using a dc magnetron sputtering system at room temperature. The Pt top electrode was also deposited with the same fabrication process as the bottom electrode. After the top electrode deposition, a thermal annealing process in N 2 ambient was executed in order to get the resistance switching behavior when needed. The electrode pattern was performed by conventional liftoff method. The conduction current showing resistance switching was measured using Agilent 4155A semiconductor parameter analyzer. This measurement was done in voltage sweep mode with current compliance at room temperature.
Results and Discussion
We fabricated two types of TiO 2 films with a conventional sputtering method (single-deposition) and repeated deposition and low temperature annealing in O 2 ambient (multi-deposition) to supply more oxygen into bulk film. This multi-deposited TiO 2 film was formed by 10 nm TiO 2 sputtering and 200C rapid thermal oxidation 4 times. After the complete process, two TiO 2 films with the same thickness and the same poly-crystalline structure, mixtures of anatase and rutile phases, fabricated as shown in Fig. 1 .
The TiO 2 film using multi-deposition shows several different features for a low resistance state (LRS) and a high resistance state (HRS) compared to those of the single-deposition as shown in Fig. 2 . At first, LRS appears without any forming process. Secondly, the operation voltages for both states in multi-deposited TiO 2 film are much lower than those of the single-deposited TiO 2 . Thirdly, the resistance ratio of the former is enhanced by 1 order of magnitude. The low voltage resistance switching behavior of multi-deposited TiO 2 film is similar to the earlier report [4] . Comparing the operation voltages of three films, their values seem to exponentially agree with their own dielectric constants. In this study especially, HRS, ALD-processed HfO 2 and multi-deposited TiO 2 films have lower current levels compared to SiO 2 , which implies low defects in bulk film due to its excellent deposition method.
Both LRS and HRS for SiO 2 , HfO 2 , and TiO 2 films are redrawn with log-log plots in Fig. 4 , where the voltage is normalized to Vs (breakdown voltage at HRS). For LRS, all three films have slopes of a unity up to the onset voltage of the negative resistance at LRS. The forming process causes the dielectric breakdown of insulation films so that the formation of conducting filament through insulator, which results in an ohmic carrier transportation, is plausible at LRS. The resistance values from their slopes for SiO 2 , HfO 2 , and TiO 2 films at LRS are 510, 105, and 52 Ω, respectively. For the switching to HRS, the rupture of filament due to joule heating is generally accepted [2, 4] . However, it is obvious that HRS shows an ohmic behavior only at very low voltage region. For the most voltage regions (except SiO 2 ), the current deviates from the linear dependency. This behavior for the conduction mechanism at HRS implies the generation of a Schottky potential barrier. The generation and annihilation of the potential barrier by charge carrier redistribution may be responsible to the switching mechanism.
As the HRS current is non-linear, the dynamic ratios (R HRS /R LRS ) for three films are shown in Fig. 5 . It is clear that the ratio for SiO 2 is constant and close to 15. However, the ratio changes of HfO 2 and TiO 2 are voltage dependent and decrease with applied voltage. Fortunately, this result implies an advantage for the ReRAM device application because the low voltage operation as well as high resistance ratio can be obtained by HfO 2 and TiO 2 films.
Conclusions
The resistance switching characteristics of several binary oxides -SiO 2 , HfO 2 , and TiO 2 -were investigated. Their device operation parameters depend on not only their material properties including dielectric constants but also the fabrication process. The generation and annihilation of potential barriers is proposed for the resistance switching mechanism. 
